Rabies persists in Ontario wildlife in two predominant species: the red fox (Vulpes vulpes) and the striped skunk (Mephitis mephitis). A protocol applying reverse transcription/polymerase chain reaction (RT/PCR) and restriction endonuclease analysis (REA) to the rabies virus nucleoprotein gene was previously reported by Nadin-Davis et al. (Journal of General Virology 74, 829-837, 1993) to be useful for discrimination of rabies virus variants in Ontario. Four main types, which showed no host species specificity but which did exhibit different geographical distributions, were identified.
Introduction
Rabies virus, the prototype of the Lyssavirus genus, is widely distributed and can infect a wide range of mammalian species but in developed countries it persists predominantly in wildlife species, notably foxes, skunks, raccoons and bats (Wandeler, 1987) . In general, within a discrete geographical region a single terrestrial mammalian species is the predominant host for the virus; for example in Europe the red fox is the principal vector (Steck & Wandeler, 1980) whilst in the American midwest and Canadian prairie provinces rabies is predominantly spread by the striped skunk (Charlton et al., 1988) .
In the absence of protective measures, infection with this naturally neurotropic virus almost invariably causes severe neurological disease and death (Charlton, 1988) . The pathogenesis of several laboratory adapted strains has been studied and the entire nucleotide sequences of the highly pathogenic PV strain (Tordo et al., 1986 (Tordo et al., , 1988 and the attenuated vaccine strain SAD (Conzelmann et al., 1990) have been determined. The viral genome is a negative-sense single-stranded RNA
The nucleotide sequences described in this report have been submitted to GenBank and assigned the following accession numbers: U03764 to U03767 respectively for the G gene sequences of the type 2-6 isolate and arctic isolates T5 (fox), T5-A1 and T5-HB; U03768 to U03770 respectively for N gene sequences of the T5 (fox), T5-A1 and T5-HB isolates. molecule of about 12 kb which contains five coding regions which, in the sense orientation, are in the order: 5' N-P-M-G-L 3'. The structure and role of the N and G genes and their respective products, the genomeassociated nucleoprotein and the transmembrane glycoprotein, have been the most extensively characterized (Wunner, 1991) . Together with the non-coding G-L intergenic region, these genes have been the target of several recent studies aimed at evaluating viral genome divergence both at the global and regional levels (Smith et al., 1991 (Smith et al., , 1992 Sacramento et al., 1992; Nadin-Davis et al., 1993) . Molecular analysis is also a powerful tool for investigation of the epidemiological patterns underlying local rabies outbreaks and may thus provide valuable insights into specific virus-host associations.
In Canada, southern Ontario has experienced enzootic rabies in terrestrial wildlife species ever since a wave of rabies spread south from the arctic regions in the late 1950s (Tabel et al., 1974) . Two main hosts, the red fox and the striped skunk, support this enzootic. The use of monoclonal antibody typing techniques had failed to identify host specific differences in the virus circulating in carnivores of Ontario (Webster et al., 1985) . More recently, the use of molecular typing techniques directed to the N and G gene regions of the viral genome confirmed that the Ontario rabies virus did not segregate according to host species. However, these studies have identified distinct virus variants localized within specific geographical areas (Nadin-Davis et al., 1993; unpub-lished) . These variants, designated types 1 to 4, are distributed through southern Ontario as follows: type 1 is found exclusively in the east, type 2 occupies a central region, type 3 occurs in the southwest and type 4 is localized predominantly around the Georgian Bay (see Fig. 1 ).
The present report describes the investigation of a recent outbreak of rabies in an area immediately to the north of this prior study region (see Fig. 1 Rabies-positive specimens obtained from this area over a 5 year period have been analysed by the molecular typing tools described previously. Essentially this involves RNA extraction from rabid brain tissue, synthesis of cDNA directed to two specific regions of the rabies virus genome, amplification of this cDNA by PCR (see Saiki et al., 1988) and finally typing of the resulting DNA products by restriction endonuclease analysis (REA) and/or direct DNA sequencing. From this study it is apparent that no less than three rabies virus types have contributed to the recent high incidence of this disease in central Ontario. The two most prevalent types were typical of those seen in southern Ontario, whilst the third type was previously unknown and efforts to investigate its origin are described.
Methods
Source of viral specimens. The rabid animal brain specimens employed in these studies were selected from submissions made to the Rabies Unit of the Animal Diseases Research Institute at Nepean. All had been diagnosed as positive for rabies by the fluorescent antibody test . Since these studies were, for the most part, performed retrospectively, only limited numbers of specimens which had been retained as' archival material' were available for years prior to 1992. Nevertheless, every attempt was made to include many different animal species and to cover as wide a geographical area as possible for each of the 5 years covered by this study.
Preparation ofRNA. During the course of this work several methods for extraction of total RNA from brain specimens were assessed. The guanidinium thiocyanate caesium chloride density gradient procedure (Sambrook et al., 1989) worked well but restricted the number of samples which could be processed at one time to six. The use of the RNaid extraction kit (Bio 101) was also examined but this was found not to yield material which was consistently and readily amplified. A modification of the Chomczynski acid guanidinium thiocyanate phenol method as described by Kamolvarin et al. (1993) produced satisfactory RNA and was the most convenient of the three methods since it could be performed on the microfuge scale if no more than 0.25 g of tissue was used per sample. This latter technique is the one now currently in routine use.
PCR. All oligonucleotides were synthesized using phosphoramidite chemistry on an Applied Systems 391 DNA synthesizer and processed as described previously (Nadin-Davis et al., 1993) .
For amplification of the nucleoprotein (N) gene, primers rabN1 and rabN2 (see Nadin-Davis et al., 1993) were used successfully for all but three specimens. For two of these samples, a 1990 buffalo and a 1993 fox, amplification was achieved upon replacement of primer rabN2 with rabN5, which has the sequence 5' GGATTGAC(AG)AAGATCTTGCTCAT 3' corresponding to the predicted base sequence around the initiating codon of the P gene. The failure of the rabN2 primer in these instances is probably due to limited mutation of the target genome within the primer sequence since by REA the specimens were typical types 2 and 1 respectively. The third specimen, from a fisher (a small mammal), could not initially be amplified, at either the N or G gene loci, and was therefore not included in the study. Subsequent passage of virus from this specimen in cell culture provided sufficient genomic RNA for successful amplification of a portion of the N gene and the virus was readily classified as a type 1. The initial difficulties appear to have been due to either poor sample integrity or a problem in extraction of this particular specimen.
The glycoprotein (G) gene was amplified as two overlapping fragments in separate PCRs. The 5' end (coding sense) was amplified as a 1.2 kb fragment, using primers rabG1.2a and rabG1.2b, (sequences are respectively 5' AGCCGTCGACGGTACCTCTGGTGTATCAA-CATGAAC 3' and 5' TGCGGATCCTGCAGACTTGGTGGTCAT-GATGGAC Y). This fragment spans from the 3' end of the matrix (M) gene through to the middle of the G coding region. The Y 1.5 kb amplification product, made using either primers rabG1.5c [5' CCTGCAG(AG)CTTGCGGATTTGTTGACG 3"] and rabG1.5b (5' ACGCTCTAGAGCTCGTTCAGCCTCTAACTCGATT 3') or rabG1.5c and rabG1 (5' GGGCTAGCTGCAGGTTCAGCCTCTA-ACTCGATTGGGTCA Y), spanned from the centre of the G gene right through the G-L intergenic region into the start of the L gene. The protocols employed to generate cDNA from negative-sense viral genomic RNA and its subsequent amplification by PCR have been described previously for the N gene (Nadin-Davis et al., 1993) . G gene amplification was similarly performed with the respective primers, the only modification being the use of a 45 °C annealing temperature during thermal cycling in place of the 55 °C used previously. PCR products were purified using either a GeneClean kit (Bio 101) or a Magic PCR purification kit (Promega) prior to analysis.
REA and DNA sequence analysis. Restriction endonucleases were obtained from either New England Biolabs or Life Sciences Inc. Digestions and agarose gel electrophoresis were performed by standard procedures (Sambrook et al., 1989) . N gene products were digested with 11 different enzymes and 13 sites were scored as positive (cut) or negative (uncut). Similarly the 1.2 kb G gene product was scored with two different enzymes at three sites and the 1"5 kb fragment was scored with six different enzymes at 13 different sites. Details of the enzymes employed are given in Results.
Direct DNA sequencing of PCR products was performed using a fmol sequencing kit, and ~2P-labelled N and G gene directed internal primers, according to the manufacturer's specifications (Promega). DNA and protein sequence comparisons were performed using Pustell software. Dendrogram construction was performed using the CLUSTAL package.
Results
The extent of the central Ontario study area and its location relative to the southern Ontario region studied previously is indicated in the map of central Canada ( examined, a map exhibiting the locations of all reported cases as well as the locations of typed specimens is shown in Fig. 2 . Numbers of total reported cases for the years 1989 to 1993 were respectively 122, 115, 132, 263 and 23. These yearly maps illustrate the movement of the rabies epizootic into the region. By 1989 there were substantial numbers of reported cases but incidence was limited to the southeastern corner of the area. The front had advanced around Georgian Bay and had reached an area just north of eastern Manitoulin Island. Incidence continued to move westwards in 1990 and 1991, when this arm of the outbreak reached communities along the
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2577 shore of the North Channel west of Manitoulin and just outside the western boundary of the map. However, by 1992 this epizootic had all but disappeared, with only three reported cases which were localized to the Elliot Lake area. In contrast, 1991 and 1992 saw a very rapid spread of rabies into more northern areas with the highest incidence being noted in 1992 when rabies was reported in communities as far north as Timmins (Ontario) and Rouyn-Noranda (Quebec). Movement appears to have been channelled along the Ottawa river and Lake Timiskaming, along the Ontario/Quebec border. In 1993, incidence was greatly reduced and located primarily in the most northern communities, especially around Kapuskasing. N and G gene typing was performed as described on a number of specimens; a summary of the REA profiles observed for both of these genes during these studies is given in Table 1 . A breakdown according to host species is provided for the 45 specimens from the study area in Table 2 . The following conclusions can be drawn from these data. First, almost all of the REA patterns were typical of those which had been observed previously in southern Ontario and which had been assigned to types 1 and 2 (Nadin- Davis et al., 1993; unpublished) .
Particularly notable is that there was complete concordance of the N and G gene analyses, an observation which clearly substantiates our molecular typing strategy. Of 26 specimens which were N gene type I, a single isolate (designated type lc) exhibited variation at one site. All of these 26 viruses exhibited the typical type 1 G gene profile. Sixteen isolates had an N gene type 2 profile, 11 of which exhibited the most common G gene type 2 profile whilst 5 exhibited a variant G gene profile (denoted 2-6) identical to that observed for a small number of specimens from southern Ontario (unpublished). In addition a single isolate -a fox from RouynNoranda in 1992 -gave mixed REA patterns which were consistent only with the sample containing both type 1 and type 2 viruses. It is not believed that this was an experimental artefact since all PCR products from two independent RNA preparations from this specimen suggested this conclusion. Second, although the numbers are too small for statistical analysis, these virus types do not appear to exhibit any host specificity, as suggested previously. Third, two isolates had N and G gene profiles which did not closely match those of either types 1 or 2; these types were designated type 5 and an investigation of their origin is described below.
Whilst the overall numbers of each type would suggest that the rabies outbreak in this region was caused almost equally by types 1 and 2, temporal analysis of the incidence of the two types as shown in Fig. 2 gives a rather different picture. In 1989 and 1990, when rabies was reported in just the very southern part of the study (0) and the isolate which appeared to be a mixture of types 1 and 2 is shown as (X). Ontario and Quebec communities are indicated as follows: EL, Elliot Lake; K, Kapuskasing; KL, Kirkland Lake; N, North Bay; R, Rouyn-Noranda (Quebec); S, Sudbury; T, Timmins. G indicates the Georgian Bay, only the most northern part of which is included in the study area, and M indicates Manitoulin Island. The largest lakes within the region are shown as hatched areas. The Ottawa river, which flows from Lake Temiscaming, forms the provincial boundary in the southern portion of the area. t These digests also gave additional differences from the usual restriction pattern due to loss or acquisition of other sites. The arctic (A) N gene patterns were generated from specimens as follows: Aa, A1 and A2; Ab, A3-A5 and HB; Ac, A6. All arctic specimens gave the A pattern for the G gene. area, only type 2 was found and this was the type found exclusively just east and south of Georgian Bay in the southern Ontario study. Interestingly, whilst the samples from the North Bay region were all typical type 2, all the samples which we analysed from the westward moving front for these years had the type 2-6 G gene variant; the N gene profile was a typical type 2. DNA sequence analysis of the G gene of the two 1990 isolates examined from this area indicated that their glycoprotein differed by only two amino acids, at residues 95 and 349, compared to the reference type 2 glycoprotein and by just one amino acid, residue 500, compared to the reference type 1 glycoprotein sequence (see Fig. 3 ). In 1991, the rabies virus population was highly mixed, with all three types (1, 2 and 5) present in the area. Type 5 was only found in the more northerly regions however. In 1992, type 1 clearly predominated, although there was persistence of type 2 over a wide area and it was particularly prevalent around North Bay. In 1993 only type 1 virus was found. The appearance of a distinct virus type in the more northerly portion of the study area suggested to us that this type might be typical of that existing in subarctic and arctic regions. In order to test this hypothesis, other specimens from widely scattered communities in northern Canada were obtained and typed. The locations from which these samples were taken are indicated in Fig. 1 and one was from the Hudson Bay (HB). All were 1993 specimens except for A3, which was obtained in 1989, and HB, which was submitted in 1992. Three (HB, A1 and A3) were from dogs and four (A2, A4, A5 and A6) were from arctic foxes. N gene typing (as summarized in Table 1 ) showed that four of these isolates (A3, A4, A5 and HB) had profiles identical to those of type 5, two (A1 and A2) had profiles which differed from the type 5 profile at just the second BstN 1 site and one isolate differed only at the BamHI site. All seven of these isolates had G gene profiles which were identical to those of the type 5 specimens; this included the variations in the restriction maps noted for type 5 isolates compared to southern Ontario viruses (see t in Table 1 ). Thus the type 5 virus appears to be typical of arctic rabies, both in dogs and foxes, over several years and a wide geographical area. These results clearly indicate that the type 5 isolates of the study area are closely related to arctic isolates. The N and G genes of three type 5/arctic isolates were sequenced-the specimens selected were a type 5 fox isolate from central Ontario, the Hudson Bay sample and the A1 isolate. All these data have been submitted to GenBank and only the most pertinent observations are described here. The N gene sequence data showed that the arctic isolates were all highly conserved exhibiting a maximum of eight base differences between any pair. However, when compared to the reference type 1 N gene sequence the arctic sequences exhibited between 28 and 33 base differences. Most of these base changes were synonymous, however, and the arctic isolates all encoded a nucleoprotein predicted to differ from that of the four southern Ontario types by just a single replacement (threonine in place of alanine) at residue 379. These sequence data are summarized as a dendrogram in Fig.  4 . The arctic isolates cluster as a distinct group compared to the type 1 and 2 sequences determined previously (Nadin-Davis et al., 1993) .
Comparison of the base sequences of the G gene and the neighbouring G-L intergenic region between arctic and Ontario types further supports these conclusions. Throughout this entire stretch of sequence, pairwise comparisons of the three arctic sequences showed differences of 10 nucleotides or less. However, they differed from the type 1 reference sequence by 68 to 74 bases depending on the isolate compared. Some of the base differences found occur within the G gene coding region and a small number result in amino acid Fig. 3 . Comparison of the glycoprotein sequences of several Canadian and laboratory rabies strains. Amino acid sequences were predicted from the DNA sequence of the following isolates: TI, Ontario type 1; T2, Ontario type 2; T2-6, northern Ontario type 2-6 (see • in Fig. 2) ; TS, northern Ontario type 5; A1, A1 arctic isolate; HB, Hudson Bay isolate. These sequences are also compared to those of the following laboratory strains: PV (Tordo et al., 1986) ; CVS (Yelverton et al., 1983) and ERA (Anilionis et al., 1981) . Following convention, numbering starts at the first residue of the mature protein which lacks the 19 residue N-terminal leader sequence. Two conserved glycosylation sites are underlined. substitutions. To illustrate these differences, the predicted glycoprotein sequences for the three arctic isolates (type 5, HB and A1) are compared to the glycoprotein sequences for the Ontario types 1 and 2 and three laboratory strains: PV, CVS and ERA (see Fig. 3 ). Between the three arctic isolates, variation is observed at just three amino acid residues (residues 181, 255 and 443); indeed, the latter amino acid substitution is the only difference between the T5 and A1 proteins. There is slightly more divergence between arctic and Ontario virus glycoproteins and as expected divergence from the laboratory strains is most marked. Variation was clearly more concentrated in some regions, especially the signal sequence and the transmembrane and cytoplasmic domains. Three amino acid substitutions (at residues 183, 244 and 483) are common to all three arctic virus glycoproteins but are not found in the other glycoproteins.
Discussion
Recent developments in molecular techniques and DNA amplification have provided invaluable tools for virus diagnosis and typing (Kwok & Sninsky, 1989) . This
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technology is now being applied to various laboratory and street isolates of rabies viruses (Smith et aL, 1991) . In particular, it will help document regional evolution of rabies virus (Sacramento et at., 1991 (Sacramento et at., , 1992 , it may improve our knowledge of the historical relationships between rabies strains from different continents (Smith et al., 1992) and help probe the molecular diversity of the Lyssavirus genus as a whole (Bourhy et al., 1993) . Our previous studies on genetic typing of rabies viruses circulating in southern Ontario (Nadin-Davis et al., 1993) demonstrated that four principal virus types localized to discrete geographical areas, as shown in Fig.  1 , circulated within this region over a 2 year period (1990 to 1992) . The geographical distribution of these types appears to reflect the movement of rabies into the area from the north almost 40 years ago. In this study we have extended these studies to examine a recent rabies outbreak in an area of central Ontario which had reported no rabies in the previous decade. Whilst the reporting data do not suggest that the study area had been invaded from several adjacent regions, molecular typing indicated that three different virus types were present during this outbreak. The steady movement of type 2 rabies from the south had been ongoing for a number of years and its spread into the study area was not surprising. However, in 1991 and especially in 1992 the majority of the rabies cases appear to have been due to type 1 virus. The lack of information about the previous spread of type 1 rabies virus from eastern Ontario is, we believe, largely due to the fact that immediately southeast of the central Ontario study area there is a large and very sparsely populated provincial park (Algonquin Park). This wilderness region provides very limited opportunities for human contact with suspect animal specimens and thus results in a hole in the reporting information. Westward spread of type 1 rabies virus thus went undetected until it reached the central Ontario communities. Interestingly, in 1991/1992 this same virus type also migrated northwards from Ontario into Quebec in a region approximately 200 miles east of the current study area where again it has also caused an extensive northerly moving rabies epizootic (unpublished data). In 1991 and 1992 two distinct rabies virus variants co-existed over a substantial portion of the study area although it appears that type 1 quickly became the predominant type. It is unknown if type 1 viruses had a competitive advantage.
The third virus type found in the study region is clearly of arctic origin, and whilst this strain would appear to be a minor component of this recent rabies epizootic its presence emphasizes the constant potential threat of reintroduction of rabies into the south from a northern source. It is impossible to conclude from our observations whether the two type 5 isolates identified represented a very recent southern invasion by arctic rabies or whether low levels of longterm wildlife rabies persist unreported in this region due to the relatively sparse human population. Indeed, our detection of this type in the study area may have been a fortuitous consequence of the much greater awareness of rabies amongst the local population during the outbreak.
Due to the differences in wildlife population densities and movements in arctic and temperate regions (Johnston & Fong, 1992) , rabies epidemiology will likely be somewhat different in the two habitats and this may be reflected in nucleotide/protein sequence differences between the respective viruses. The dendrogram (Fig. 4) , which was constructed using the N gene sequence data, illustrates the distinctness of the arctic types in comparison to the Ontario isolates sequenced previously (cf. the dendrogram in Nadin- Davis et al., 1993) . Although the restriction endonuclease mapping suggested limited sequence variation amongst all type 5/arctic isolates, the dendrogram suggests that the three sequenced isolates differ from each other as much as the southern Ontario types vary amongst themselves. Given the large distances separating the arctic specimens this variation is not surprising. It may be noteworthy that the type 5 isolate from the study area and the A1 isolate are more closely related to each other than either is to the HB isolate. This suggests to us that arctic rabies may have moved southwards around both sides of the Hudson Bay as two distinct fronts.
Despite the large distances separating many of these rabies virus isolates, only very small variations at the protein level were predicted for the N and G gene products, indicating that substantial constraints on viral variation must occur. This is clearly illustrated by the very high conservation in the glycoprotein of the antigenic sites known to be important for virulence (for example residues 34 to 42 and 197 to 202 for site II and residues 329 to 337 for site III). Two glycosylation sites are conserved in all sequences, one within the antigenic site II (residues 37 to 39) and the second at residues 319 to 321. However, it was observed that three amino acid substitutions, at residues 183, 244 and 483, were present in the glycoproteins of all sequenced arctic isolates but not in those of any of the Ontario or laboratory strains. Furthermore, such substitutions were not found in the glycoprotein of other street isolates sequenced recently (Benmansour et al., 1992) . It may be noteworthy that residue 244 lies immediately adjacent to a stretch of amino acids (residues 224 to 241) found to exhibit significant variation in Algerian isolates (Benmansour et aL, 1992) , but what functional significance these differences may have is presently unclear. It is well documented, however, that single amino acid substitutions at critical positions of the rabies glycoprotein can greatly alter viral pathogenicity; for example, viral virulence depends on the presence of an arginine or lysine at position 333 in the mature glycoprotein (Tuffereau et al., 1989 ). Thus it is quite possible that variations of even single amino acids could give rise to very subtle differences in virus pathogenicity and thus disease patterns. More extensive studies would be needed, however, to determine if any of the amino acid substitutions observed here for the arctic glycoprotein might confer an 'arctic' disease pattern.
In the latter part of 1992, the Ontario Ministry of Natural Resources distributed baits containing an oral rabies vaccine (ERA strain) over the areas reporting substantial rabies activity during 1992 (Anon., 1992) . This action may well be responsible for the dramatic decline in rabies over the treated areas during 1993. In contrast, the spread of rabies along the northern shore of Georgian Bay appeared to stop naturally by 1992. It is unknown whether this is related in any way to the variant (G gene type 2-6) which was clearly common in the region during 1989 and 1990 .
Continued surveillance will be an important component in strategies to prevent reintroduction of rabies into southern Ontario from the North. Since monoclonal antibody typing is unable to distinguish rabies virus isolates of Ontario and arctic origin (unpublished data), exclusive use of monoclonals could not identify southwards movement of arctic viruses. In contrast, the molecular technology described here readily distinguishes these types and thus will likely be a most valuable tool for any rabies control programme in this region.
